A proper understanding of spontaneous oxidation and combustion tendency of sulfide ores is of great importance for the assessment and mitigation of possible spontaneous mine fire in practice. Series of test study for typical sulfide ores under temperature programmed oxidation (TPO) conditions were presented in this conference paper, with the aim of correlating the spontaneous combustion tendency and the measurements of total oxygen uptake and starting temperature of self-heating. Also relevant nitrogen adsorption properties, including specific surface area and poresize distributions, for the same set of sulfide ore samples were determined using the Brunauer-Emmett-Teller (BET) method and the Barret-Joyner-Hallender (BJH) method, respectively. The test results demonstrate that for the sulfide ore samples collected from a spontaneously combusting mine, The total consumptions of oxygen during TPO test were relatively larger in comparison with those sample from a mine without spontaneous fire record in history. Also it is shown that the microstructural surface features of the ore samples may have an effect on the oxygen consumption response during TPO test.
Introduction
Fire hazard induced by spontaneous combustion of sulfide ores has been regarded as one of the most destructive natural hazards in mining industry. There have been a large quantity of spontaneous fire hazards as reported in sulfide ore mines throughout the world. Specifically in China, tens of mine fire cases have been mobilized by spontaneous combustion behavior of sulfide ores, such as Wushan Mine in Jiangxi Pronvice, Xinqiao Mine and Xiangshan Mine in Anhui province, et al. Obviously, the spontaneous combustion induced fire hazards can pose a severe threat on the mining environment, and may lead to huge loss of life and property. Abundant research on spontaneous combustion of sulfide ores has been conducted by many researchers [1] [2] [3] [4] [5] . Most previous attention has been paid to the mechanism and process, the tendency assessment, as well as the prediction and prevention methods of possible spontaneous combustion. A proper assessment of the spontaneous combustion tendency, taken as an internal property of the sulfide ores, forms the basis of prediction and prevention of possible spontaneous fire disaster in mines. A variety of assessment indexes have been proposed and applied in different countries, which can be mainly divided into two categories, single-index and multi-index approaches. Amongst the single-index approaches, the index can be chosen as the rate constant of oxygen consumption, differential thermal analysis thermogram, the summation percentage of ferrous ions and ferric ions and so on. On the other hand, the multi-index approaches may include the mineral composition and content, the oxidizability, the starting temperature and rate of self-heating, and the point of spontaneous ignition, as well as various other indexes. The above types of approaches may give different assessment results of spontaneous combustion tendency for the same ore samples, and an easy-toimplement, well accepted assessment index still needs to be investigated for sulfide ores.
The attention of this study was put on the assessment of spontaneous combustion tendency from the perspective of TPO test data and nitrogen adsorption properties for typical sulfide ores, which were purposely collected from one spontaneously combusting mine and one without spontaneous fire record, respectively. Firstly a series of TPO tests have been undertaken on the selected ore samples. The test results of the total oxygen consumption and the starting temperature of self-heating were given for a preliminary discussion of the TPO data based assessment of spontaneous combustion tendency. Secondly a series of tests were conducted based on the BET and BJH methods for quantification of microstructural surface features of the same set of ore samples, including specific surface area and pore-size distributions. A look at the relation between the oxygen consumption process during TPO test and the microstructure quantification was given based on the test data in the final part.
Brief Description of Test Methods

TPO method
The standard TPO method was employed in this study for characterizing the oxidizability of the selected sulfide ore samples. A simple container (U-tube) was filled with a small amount of solid sample (10-60mg) with the largest grain size less than 350μm. This sample vessel was positioned in a furnace with temperature control equipment. A thermocouple was placed in the solid sample for temperature measurement. The present air in the container was removed through vacuum pumping. To conduct the TPO, a continuous flow of 5% O 2 /He was passed over the container at a velocity of 25mL/min. The composition of the gaseous mixture was continuously measured at the exit of the sample container with thermal conductivity detector (TCD). If an oxidation takes place at a certain temperature, oxygen is consumed which shall be recorded by the detector. Then the sample in the oven was heated up and the temperature was linearly increased from 30°C to 1000°C by 10°C/min, and kept at 1000°C for 60min long constant temperature oxidation process, and then the container was cooled down naturally to 30°C. The above designed TPO tests were carried out using the BELCAT-B chemi-sorption machine (BEL Japan Inc.), by which the measurement can be performed easily by setting the sample cell and entering the designed parameters and conditions. The tested sulfide ore samples were respectively collected from Xinqiao Mine (denoted as X01, X02) and Dongguashan Mine (denoted as D01, D02, D03) in Anhui province, China. The two mines were chosen as Xinqiao Mine was characterized by spontaneously combusting fire history, whilst no spontaneous fire record has been found for Dongguashan Mine. Based on some relevant chemical analysis tests, the main mineral components and principal element percentages were determined as below in Table 1 . It is shown by the results that the two sets of samples from the two mines differ much in the mineral component and principal element proportions, whilst maintaining similarity within the same set.
BET and BJH analyses
The sulfide ores were considered as microporous and possess surfaces that are far from flat. The determination of microstructural surface characteristics of the test samples, in particular, the specific surface area and pore-size distributions, can be critical in understanding the adsorption ability, surface activity and catalytic properties. Reasonably it was presumed in this study that there should be some correlation between the oxidation process during TPO test and the microstructural quantifications of the test ore samples. The BET [6, 7] and BJH [8] theoretical models were chosen here, which are the standard methods for determining surface areas and pore-size distribution respectively from nitrogen adsorption isotherms at 77K over a wide range of relative pressures. The detailed information about the calculation procedure and the reference adsorption isotherm used can be found elsewhere. The BELSORP-mini II measuring instruments (BEL Japan Inc.) were applied in this study. It should be noted that the same two sets of sulfide ore samples were tested as during TPO test to maintain required consistency. Figure 1 shows the measurements of TPO experiments over the collected sulfide ore samples. It can be observed that as the temperature was raised under an oxygen flow, generally for all the test samples only minor changes of the TCD signal were given at the early stage with the temperature lower than the starting temperature of self-heating. Once the temperature was raised higher, significant abrupt variations, that is, prominent oxygen uptake, would be prompted. The variation patterns of the TCD signal for the two sets of ore samples collected from different mines were found to be quite dissimilar, illustrating the inherent difference in oxidation susceptibility. The area between the TCD signal curve and the horizontal axis represents the magnitude of oxygen uptake during the TPO process. The test results of the total oxygen uptake were also determined, as given in Table 2 . Clearly it can be found that the total oxygen consumptions for the two samples collected from Xinqiao Mine, experiencing spontaneously combusting fire, were much larger than those for the samples from Dongguashan Mine without spontaneous fire record. The measurements of starting temperature of self-heating for the test samples are also shown in Table 2 . It can be seen that most of the samples from Dongguashan Mine present lower values of starting temperature of self-heating, even though they were found to be of no propensity to spontaneous combustion up to now. 
Results and Discussions
TPO test results
Adsorption test results
The microstructural quantification measurements of specific surface area and pore-size distribution using the BET and BJH methods are also shown in Table 2 . It is shown that for the samples from Xinqiao Mine with spontaneously combusting fire records, the quantified specific surface areas are relatively smaller than those for the samples from Dongguashan Mine, and a large scatter is shown by the measurements of total pore volume for these five selected samples, showing a difference of one order of magnitude. Figue 2 shows the relation between the quantified micro-structural surface and pore-size characteristics from the test results of all selected samples. It can be seen from Fig. 2(a) that for either set of samples collected from the same mine, the gradual variation of pore volume with respect to pore diameter can be quite different. The maximum and minimum measurements of total pore volume were both quantified from Dongguashan Mine samples, which are 0.0137cm 3 /g and 0.0013cm 3 /g, respectively. Figure 2(b) shows the variation of specific surface area with respect to mean pore diameter. Clearly it can be found that as the mean pore diameter increases from 1nm to about 11nm, the specific surface area decreases significantly for the test samples. The variation trends of the measurements in this study are in agreement with the findings by other researchers. 
Preliminary discussions
The above test results of TPO data and microstructural quantification of adsorption properties, including specific surface area and pore-size distribution, even though quite limited in number and position, may provide some hints for better understanding the spontaneous combustion behavior of sulfide ores. The comparison of total oxygen consumptions during TPO test illustrates that for those ore samples from mines experiencing spontaneously combusting fire, the total oxygen uptake can be relatively larger than those of no propensity to spontaneous combustion. This may imply that further investigation into the identification of an appropriate assessment index using TPO total oxygen uptake can be contributable. The forthcoming work should be based on more tests conducted on abundant samples either extremely prone to spontaneous combustion or of no propensity.
It is well accepted that the development history of spontaneous combustion of sulfide ores should be mainly comprised of three processes: physical adsorption process, chemical adsorption process, and chemical reaction. Reasonably it can be concluded that the oxidation process during TPO test, in particular, at the stage where the temperature is relatively low, can be much influenced by the adsorption properties of the ore samples. The results in Fig. 1 and Table 2 demonstrates that for those samples with larger values of specific surface area and total pore volume (X1 and D1), the oxygen uptake during TPO test would prompt a relatively earlier increase than other samples, even though the starting temperature of self-heating for these samples may be higher. It should be noted that only limited number of samples are available in this study and more tests need to conducted for verification of this observation. Also the difference in the variation pattern of oxygen consumption, as shown in Fig. 1 can be attributed to the existence of distinct microstructural features of these samples. Further investigation should be needed, with the focus putting on identifying the difference of adsorption properties, such as the pore connectivity and pore spatial distribution, and their effects on the TPO response, and in turn the spontaneous combustion behavior of sulfide ores.
Concluding remarks
The current study of TPO tests and nitrogen adsorption tests on selected sulfide ore samples of distinct propensity to spontaneous combustion allowed us to give a different look into the assessment method of spontaneous combustion tendency of sulfide ores. It is shown by the TPO data that for samples collected from a mine experiencing spontaneously combusting fire, the total oxygen uptake can be significantly larger than those for samples of no propensity of spontaneous combustion. The measurements can be helpful for future identification of a proper assessment index for the spontaneous combustion tendency of sulfide ores based on TPO data, as well as in combination with other relevant test results.
The nitrogen adsorption test results clearly indicate that for samples from the same mine, either of extremely high propensity or of no propensity to spontaneous combustion hazard, the microstructural surface characteristics may be quite variable with a difference of one order of magnitude. Also, the limited measurements imply that for those samples with larger values of specific surface area and total pore volume, the oxygen uptake during TPO tests would prompt a relatively earlier increase than other samples. More study needs to be conducted on the adsorption properties, in particular, the pore connectivity and pore spatial distribution, for in-depth investigation into their influence on the spontaneous combustion of typical sulfide ores.
